abstract: Male transgenerational epigenetic effects have been discovered in the discipline of mouse radiation genetics, using genetic and non-genetic readouts. The mechanism to explain the origin of the transmission of epigenetic and genetic instability is still unknown. In a search for a hypothesis that could satisfy the data, we propose that regulation of chromosome structure in the germline, by the occupancy of matrix/scaffold associated regions, contains molecular memory function. The male germline is strikingly dynamic as to chromatin organization. This could explain why experience of irradiation stress leaves a persistent mark in the male germline only. To be installed, such memory requires both S-phase and chromatin reorganization during spermatogenesis and in the zygote, that likely also involves reorganization of loop domains. By this reorganization, another layer of information is added, needed to accommodate early embryonic development. Observations point at the involvement of DNA repair as inducer of transgenerational epigenetic modulation. Nuclear structure, chromatin composition and loop domain organization are aspects of human sperm variability that in many cases of assisted reproduction is increased due to inclusion of more incompletely differentiated/maturated sperm nuclei. Adjustment of loop domains in early embryo development can be anticipated and zygotic and cleavage stage S-phase repair activity will have to deal with potential paternal DNA lesions. Therefore, by changing male nucleus structure due to reproduction from impaired spermatogenesis, the transgenerational information content could be changed as well. We discuss aspects of male reproductive performance in the context of this hypothesis.
Introduction
Transmission of information from one generation to the next follows three routes: (i) a structural one, mainly the oocyte as the unit of cellular activity contributing cytoplasm, organelles, etc., (ii) two haploid genotypes, derived from the parental ones by random segregation, linkage and mutation and (iii) an epigenotype (the epigenome) of which we do not know all the ingredients, but CpG methylation in combination with posttranslational histone modification (the histone code) as demonstrated in parental imprinting ( Ideraabdullah et al., 2008; Henckel et al., 2009) and the histone code/histone variants Puschendorf et al., 2008; Hammoud et al., 2009) are aspects of the transmission of a chromatin state that is mandatory for gene/chromosome function in the coming generation. In the mouse, RNA has been implicated as a paternal cause of a transmittable epimutation (Rassoulzadegan et al., 2006) . Following the definitions introduced by Youngson and Whitelaw (2008) , this may well be called an example of transgenerational epigenetic inheritance, as by the involvement of small nuclear RNAs (miRNAs) there is a beginning of insight into the mechanism. When this insight is absent, as is the case in the examples from the mouse/rat mutagenesis literature introduced here, the phenomenon will be coined a transgenerational epigenetic effect. We will concentrate on examples of male transgenerational epigenetic effects as evoked by irradiation and a chemical mutagen, in which experiments, a reflection of this stress could be observed in further generations (Barber and Dubrova, 2006) . Thereafter, we will search the literature for aspects of the sperm nucleus that could cause cellular stress shortly after gamete fusion and during early embryonic development.
Deduction of a mechanism in male transmission is difficult because of the specialized nature of the sperm cell, which requires very compact chromatin to enable transport and protect DNA against oxidative stress (Aitken and De Iuliis, 2007) . The chromatin of the human sperm cell has recently been the subject of systematic research. By salt extraction/endonuclease digestion and micrococcal nuclease digestion, nucleosomal chromatin could be separated from the bulk of chromatin (Arpanahi et al., 2009; Hammoud et al., 2009) condensed by protamines in toroids (Vilfan et al., 2004) . By chip comparative genome hybridization and CHIP on chip/CHIP-Seq. technology, the nucleosome fraction of the DNA could be characterized, including the presence of post translational histone modifications of the N-tails of histone 3 and 4. These modifications have a predictive value for past, current and future gene activity (Berger, 2007) . Results demonstrate a non-random occupancy of DNA by nucleosomes that were overrepresented in promoter regions. Gene collections thus detected were not randomly composed. By gene ontology analysis they were assigned to previous and forthcoming function (respectively spermatogenesis and embryonic development) (Arpanahi et al., 2009; Hammoud et al., 2009) . This is suggestive for selection pressure, shaping retention of histones within protamine dominated chromatin. A first small scale attempt to look for robustness of this principle in evolution by studying mouse sperm met with confirmation (Arpanahi et al., 2009 ). These findings demonstrate that evolution of sperm chromatin is not passive as to gene functioning instruction in the next generation, and could well be linked to the evolution of sperm nucleus structure (Ward, 2009) .
From a theoretical perspective, population geneticists were open to the idea of a more rapid and pliable mode of adaptation to a changing environment as genetic adaptation by selection is a slow process (Youngson and Whitelaw, 2008) . This presumptive process, implicating epigenetic mechanisms has been coined soft inheritance (Mayr, 1980 , 1982 , cited by Youngson and Whitelaw, 2008 contrary to genetics by DNA code. Soft inheritance would thus be of an advantage for adaptation to fluctuations in nutrition, predation, disease and other external/internal stressors. This review is inspired by the thought that in assisted reproduction practice, such situations could exist, for instance in the reaction of the zygote to chromatin and nucleus structure deviations of sperm.
Epigenetic inheritance after DNA/chromatin insult
An epigenetic effect in between-generation transmission in radiation biology is observed when (i) the germ cell itself has not been irradiated (but only in a previous generation), (ii) segregation of the effect (a mutant allele) is not observed, hence the phenotypic/genetic readout (in case of genetic instability) can be observed in all offspring of a generation that itself is not exposed to the radiation stressor and (iii) the effect also occurs in trans (in the case of locus specific genetic instability involving maternal alleles that were never irradiated). Chromatin-bound inheritance can be proven when the male is heterozygous for a mutation that affects chromatin during spermatogenesis (þ/2) and the transgenerational effect in a cross to þ/þ includes descendants carrying the þ allele (Chong et al., 2007) .
A first hint for a role of epigenetic transmission in genetic instability originated from the field of radiation genetics. Irradiation results into DNA damage, that by direct involvement of DNA repair can lead to mutation. During somatic cell generations following the one that received the stressor, genetic instability can manifest itself anew (Little, 2003) . In their review, Kovalchuk and Baulch (2008) unite this phenomenon with CpG DNA methylation, that changes immediately after irradiation stress. DNA methylation is heritable via semiconservative DNA replication by the action of the DNA maintenance methylase Dnmt1 that will copy the methylation status of the template strands on to the newly synthesized ones. Thus, the change in DNA methylation could serve as a memory for the acute stress endured. The same group recently showed that in rats, a high dose of paternal cranial irradiation led to a bystander effect in sperm, as determined by CpG methylation. CpG methylation and proteins involved showed changes in the offspring (Tamminga et al., 2008) . Hence, the bystander principle can result into a transgenerational epigenetic effect. Experiments of this nature have a longer history. Wiley et al. (1997) used a chimaera radiation assay in which the effect of previous testis irradiation is measured as the proliferation disadvantage of the descending blastomeres in a preimplantation mouse chimaeric embryo (the other component not being irradiated). After paternal transmission, irradiation of paternal F0 with 1 Gy around the start of spermatogonial multiplication was visible as an F2 proliferation disadvantage. These authors also studied transgenerational instability, using protein kinase C (PKC) and mitogen-activated protein kinase enzyme activities and p53 and p21 protein levels in adult liver as readouts (Baulch and Raabe, 2005) . After F0 irradiation of differentiating A spermatogonia with I Gy, male transmission was followed. Protein activity and levels were destabilized in each of the four generations studied (F1-F4), though not in a consistent and predicable way as if there was developmental instability. These data strongly suggest that in paternal transmission after insult to differentiating A spermatogonia, an epigenetic mechanism is active, leading to epimutations in following generations.
In another set of experiments (Baulch et al., 2007) the readout was sperm DNA damage assessed by neutral comet assay. This assay also shows an aspect of nuclear organization; after protein removal a halo image is obtained, which means that DNA loops out from the nuclear matrix (Ward and Coffey, 1991) . Male mice heterozygous for an ablated Ataxia telangiectasia mutated (ATM) protein kinase allele received 0.1 Gy radiation and were allowed to produce offspring from treated newly differentiating A spermatogonia. In sperm from the irradiated generation, comet parameters such as tail moment, tail length and percent tail DNA were all down, more for the ATM heterozygotes than for the þ/þ controls. Using paternal transmission and þ/þ females, and selecting for þ/2 and þ/þ male descendants, these were studied again in the F3 generation. The trend for decreasing comet parameters was most visible in males that had lost the affected allele after one generation. Effects were also visible in the control line, but were of an opposite nature, hence showing increased comet parameters. These results argue for a transmissible effect on sperm nucleus structure that can be modified by a chromatin involved pathway, as ATM will among others phosphorylate H2AX in a DNA double strand break repair reaction, notwithstanding the low number of breaks induced by 0.1 Gy.
The earliest experiment in the mouse male germline that may offer a connection between cellular stress in early A spermatogonia and the derived sperm nucleus structure/chromatin organization is the so called radiation sperm morphology assay by Bruce et al. (1974) . These authors found around 30% of abnormally differentiated sperm heads in the cauda epididymis, 5-7 weeks after 3 Gy X-rays (mouse sperm is almost homogeneously normal, in striking contrast to man). Such a level is not easily explained by a genetic model, for instance single gene mutation or 'bad sperm' as a consequence of the meiotic behavior of induced reciprocal translocations. Another illustration of cellular stress leading to change in nucleus organization may be the neutral comet results by Haines et al. (2002) again showing early developing spermatogonia to be most sensitive to ionizing radiation. This phenomenon, as acknowledged by these authors, cannot be explained on the basis of our current insight into DNA repair in the male germline, also given the high sensitivity of irradiation damaged spermatogonia for apoptosis. These authors found stem cell spermatogonia to be resistant to this effect (sperm analysed 120 days after irradiation).
In a transgeneration experiment with spermatogonial irradiation of the F0 and using genetic endpoints, the expanded simple tandem repeat (ESTR) loci Ms6-hm and Hm-2, copy number changes were discovered in the F2 (Dubrova et al., 2000) . Using single molecule PCR, the genetic instability in the F1 is both observed in dividing somatic cells and in sperm (Yauk et al., 2002) . The instability also affects the maternal allele that does not have a radiation history (Dubrova et al., 2000) . This tiny locus can never be the target for direct radiation induced damage. Rather the genetic instability is a readout of S-phase, that in the spermatogonia of the F0 and in the germline and soma of the F1 generation, is less accurate at copying these 600 or more GGGCA copies (depending on the inbred mouse strain used). When at the onset of gonad development at Day 12 post-conception, irradiation stress is applied and the instability is followed for male and female embryos separately, epigenetic transmission of repeat instability is observed in the male germline but not in the female one (Barber et al., 2009) .
In the work of Hales et al. (1992) on male F0 rats chronically treated with the chemotherapy agent Cyclophosphamide (CP), the F2 generation (from an F1 intercross) showed increased post-implantation loss and malformations (as in the F1), that theoretically, although less likely, could also be the result of homozygosity for recessive mutations derived from this mutagen. Further work established the midelongating spermatid stage to be especially vulnerable for CP (Codrington et al., 2007b) , treatment commencing at this stage being able to interfere with protamine involved chromatin remodeling. The same authors noted a change in sperm nuclear matrix protein composition after CP (Codrington et al., 2007a) . In an earlier publication, this group found an indication for histone 4 K5 acetylation differences in both male and female pronuclei after the onset of fertilization involving a CP treated male germline from late meiosis on (Barton et al., 2005) . Using the ESTR system, transgenerational instability has been proven for the chemical mutagen N-ethyl-N-nitrosourea, both for male pre-meiotic and post-meiotic exposures (Dubrova et al., 2008) .
Experiments on transgenerational (up to F4) epigenetic transmission were also performed by the group of Skinner, who observed these effects by treating pregnant rats during embryonic Days 8-14 with the anti fungicide vinclozolin (Anway et al., 2005) [but see (Robaire, 2008) ]. The effect was observed in male to male transmission and was first discovered as impaired spermatogenesis. In subsequent publications, the phenotype was broadened including kidney disease, tumor susceptibility and immune abnormalities (Anway and Skinner, 2008) . At embryonic Days 8-14, which include the acquisition of cellular sex identity, there is epigenetic reprogramming of the germline, characterized by CpG demethylation and histone code changes [for review see (Sasaki and Matsui, 2008) ]. Sensitivity of this window of germ cell development for male transgenerational epigenetic perturbation has recently been demonstrated by Lee et al. (2009) when they studied offspring after an in vitro culture phase of these developing gonocytes. Analysis into the F4 generation was suggestive for an expanding imbalance as measured through mainly the methylation status of the DMR (differentially methylated region) of the male imprinted H19 gene. A normal H19 epigenotype could after transmission be changed into an abnormal one and vice versa. In this study, transmission was mainly via the male germline but also via the female one. The authors examined histone post-translational modifications such as H3-K9me2, H3-K9me3, H3-K27me1, H3-K27me3 of the H19 DMR in the embryonic germ cell culture and found deviations from normal.
Nature of the memory: involvement of S-phase and loop domain organization?
What could be the carrier in the aforementioned cases of a male transgeneration 'epigenetic' (epimutation) memory? Returning to the studies of Dubrova and co-workers (Barber et al., 2002) , it was found that spermatogonial irradiation leads to an increased ESTR mutation rate in the F0 and subsequent F1 and F2 sperm. However, irradiation of round spermatids did not affect the F0 but increased germline instability in the F1 and F2 (spermatocytes were not tested) (Barber et al., 2002) . Irradiation of F0 sperm likewise resulted into destabilization of the F1 germline (Hatch et al., 2007) . As mentioned before (Barber et al., 2009) , irradiating the female germline in the oogonial stage before meiosis begins, does not install the transgenerational memory, although, once installed in the male germline, the female germline can transmit the instability (Barber et al., 2002) . Hence, S-phase, that is required to produce ESTR mutations, is insufficient to install the memory when acting alone. Rather, for transgenerational passage of ESTR instability, chromatin and nucleus structure remodeling, such as found during spermiogenesis and in the zygote, seem to be involved as well.
In what way could S-phase contribute to memory? In the chromosome replication model, one loop domain harbors one origin of replication and is the basic unit of replication, named replicon. Two loop domains are separated by a nuclear matrix or scaffold associated region (MAR or SAR), which are AT rich sequences (Singh et al., 1997) . Nuclear matrix support of DNA replication is amply illustrated by Anachkova et al. (2005) . Topoisomerase II species constitute a significant component of the nuclear matrix [for a review, see (Roca, 2009) ] as are complexes that modify chromatin structure (Tsai et al., 2000; Stauffer et al., 2001; Varga-Weisz and Becker, 2006; Zeitz et al., 2009) . Flexibility as to replication timing is a well-known concept in cell biology, of which the epigenetic memory aspect has recently been explored (Gondor and Ohlsson, 2009) .
Recent work demonstrates adaptation of replication behavior by 'calling' MAR sequences for binding to the scaffold/matrix, incorporating the local newly defined loop domain structure in the replication memory. Using the adenosine monophosphate deaminase 2 (AMPD2) region of Chinese hamster fibroblasts that is highly amplified for this locus, and by manipulating the conditions of replication, making it difficult versus easy, Courbet et al. (2008) were able to show that alternative use of replication origins led to changes in loop domain structure. In this locus, replication origins and putative matrix attachment sites coincide [see also (Anachkova et al., 2005) ]. Using Xenopus egg extract, Lemaitre et al. (2005) give experimental proof for the fact that metaphase cytoplasm (from arrested meiotic division) is needed to reprogram occupancy of the nuclear matrix by MAR/ SARs, involving Topoisomerase II, and leading to smaller loop domains in erythrocyte nuclei (but not in Xenopus protamine rich sperm nuclei that had much narrower spacing of replication origins). Smaller loop domains accommodate the high speed of replication needed for Xenopus zygote cleavage divisions.
Contrary to somatic cells, loop domains of embryonic stem cells are presumed to be regular and relatively small in size (Klaus et al., 2001) as are loop domains of sperm nuclei (Shaman et al., 2007a) . Determination of loop domain size in the male germline has been done by a combination of DNA expansion and FISH for 5S ribosomal DNA (Klaus et al., 2001) and by restriction digestion after high salt (NaCl/DTT) extraction combined with PCR for locus determination in the area of the Prm1 Prm2 Tnp2 gene cluster of mouse chr 16 Krawetz, 2007a, 2007b) .
For the 5S rDNA gene cluster, Klaus et al. showed the increase in number of loop domains to be gradual over the whole of spermatogenesis, even changing from round spermatids to sperm. This implicates that problems during nuclear remodeling at the elongating spermatid stage may also yield loop distortion. For the Prm1 Prm2 Tnp2 gene cluster an increase of matrix associated DNA from pachytene spermatocytes to round spermatids was clearly shown. Hence, the occupancy of MARs during spermatogenesis can change, maybe dependent, but also independent from a mitotic/meiotic chromosome contraction phase (Lemaitre et al., 2005) .
Whether the association of DNA sequences with the nuclear matrix is a component of the transgenerational chromatin/nuclear structure memory is as yet speculative. Experimental evidence supports the notion that the interaction between chromatin and the nuclear matrix is a sine qua non for early development (Ward et al., 1999; Shaman et al., 2007a) . These experiments require the preparation of a sperm nuclear halo, the emergence of loop domains emanating from the nuclear matrix after experimental removal of chromatin proteins by high salt/dithiothreitol (DTT).
Using mouse ICSI and an experimentally damaged nuclear matrix, Ward and co-workers found zygotes to be incapable of embryonic development. Matrix damage was inferred from the fact that treatment of mouse sperm with the combination of the ionic detergent ATAB (alkyltrimethyl ammonium bromide) and DTT made nuclear halo preparations impossible (Ward et al., 1999) . When stable mouse halos were injected, zygotes showed pronuclei and chromosome formation (Mohar et al., 2002) . When halos were treated with nucleases, only the matrix structure with adherent DNA was left. After injection, pronucleus formation and DNA replication still occurred (Shaman et al., 2007b) . Involvement of Topoisomerase IIB with sperm DNA digestion as an autonomous process [and maybe linked to a sperm apoptosis variant (Aitken and De Iuliis, 2009 )], was shown by Shaman et al. (2006) . ICSI was performed, using sperm with DNA cleaved to a variable extend by Mg 2þ Ca 2þ induced nuclease/TopoIIB activity, presumably at the MAR linker regions near the nuclear matrix (Yamauchi et al., 2007) . This treatment did not prevent paternal and maternal pronucleus formation, but in diploid zygotes, only the maternal pronucleus started S-phase.
A role for TopoII in zygotic male chromatin remodeling quickly after gamete fusion was first suggested by Bizarro et al. (2000) . Inhibition by etoposide of TopoII in early androgenone zygotes was compatible with S-phase despite the high level of chromosome aberrations retrieved (Tateno and Kamiguchi, 2004) . Inhibition for 1 h with the same etoposide dose as used by Tateno and during the same period, induced a deviant male pronuclear structure (as observed by DAPI) with numerous gH2AX foci, indicative for the expected DNA double strand breaks, that had difficulty of being repaired in zygotic G1 . All these data are compatible with a model in which (i) the association of chromatin loops with the nuclear matrix is a prerequisite for normal S-phase to occur, and (ii) readjustment of the chromatin-matrix interphase is an element of male pronucleus formation with a role for TopoII. The fact that in the F3 descendants of ATM heterozygous male mice (from low dose gamma irradiated F0 A spermatogonia), a change in sperm neutral comet assay parameters was observed (Baulch et al., 2007) could indicate a change in sperm MAR occupancy that survived paternal transmission. Besides their roles in DNA repair, ATR and ATM protein kinases also are involved in regulation of the timing of replication origin firing (Shechter et al., 2004) and ATR is crucial for the resolution of stalled replication forks [for review see (Friedel et al., 2009) 
Can DNA repair be associated with the nuclear matrix, fortifying memory induction?
The association of DNA repair proteins such as involved in nonhomologous end-joining (NHEJ) double strand repair, homologous recombination (HR) and base excision repair with the nuclear matrix has been demonstrated by a number of authors (Kantidze et al., 2006; Kubota et al., 2009; Mladenov et al., 2009 ). An argument for the fact that an epigenetic memory for male transmission resides in a link between replication and matrix associated DNA repair, can be extracted from the data of Hatch et al. (2007) . They showed that a maternal effect exists for ESTR transgenerational instability that is evoked by the irradiation of mature sperm. After sperm irradiation of BALB/c (F0) males, the order of magnitude of transgenerational ESTR instability in the male F1 germline is comparable to that induced in F0 early spermatogonia. When the oocyte is from a C.B17 SCID female with severely compromised DNA.PKcs activity (NHEJ deficiency), ESTR instability at the Mh6-hm locus is not induced (Hatch et al., 2007) . The most plausible explanation is that in these zygotes, HR is up-regulated . This could enable more faithful repeat replication that is remembered in the future soma (bone marrow) and the male germline (F1 sperm). A logical experiment would be to study transgenerational epigenetic DNA replication memory for replication fidelity under conditions of HR stress in preimplantation embryos.
DNA damage and DNA replication were earlier found to be involved in transgenerational memory. Koturbasch et al. (2006) irradiated male and/or female mice 7 days before conception at which time sperm has just arrived in the epididymis. Protein levels of Dnmt1, Dnmt3a, 3b, MeCP2, Rad51, Ku70, Polbeta and PCNA were determined in the adult offspring for liver, spleen and thymus.
Irradiation of the oocyte never produced an effect. When both parents were irradiated, lower levels of MeCP2 and Rad51 were found in the thymus, paralleled by higher numbers of gH2AX foci in this organ. For Rad51 and gH2AX foci, effects could also be observed after paternal radiation only, in line with the observations of after early spermatogonial irradiation for the alkaline comet assay in bone marrow and the gH2AX foci counts in spleen of the descendants. Both parameters indicate the transmission of genetic instability. Overall, the associations found between DNA repair and short and long-term within generation CpG methylation (Koturbash et al., 2005; Kovalchuk and Baulch, 2008) , possibly via the intervention of small nuclear RNAs (Ilnytskyy et al., 2008) link DNA repair to memory induction, possibly involving the nuclear matrix.
Variation in sperm nucleus organization
In the previous sections, the analysis of mouse models that show transgenerational epigenetic effects for the male germline led into the direction of sperm nucleus loop domain structure, maybe linked to S-phase behavior, as possible components of memory, besides CpG methylation that is not discussed here. As a next step, we have asked ourselves to what extent characteristics of sperm used in assisted reproduction techniques, could lead to a reaction in the oocyte that primes epigenetic memory. A transgenerational epigenetic effect may depend on the amount of stress that is endured during the early cleavage stages, of which double strand DNA repair is a component. As DNA repair and chromatin management are coupled, this can yield a transgenerational epigenetic effect.
Two frequently used human sperm tests apply chromatin protein removal to either visualize the capacity for loop domain formation (Ward and Coffey, 1991; Fernandez et al., 2005) , or use this step to prepare for the comet assay, designed to quantify DNA breakage (Singh and Stephens, 1998) . For sperm nucleus research the neutral comet assay is often used as theoretically, only the effect of DNA double strand breaks is observed. In the sperm chromatin dispersion (SCD) test in the absence of an acidic wash, well differentiated (normal) sperm do form a regular halo contrary to those with DNA fragmentation that show irregular expansion and overdispersion of DNA (Santiso et al., 2007) . In line with this result, in the neutral comet assay, sperm recovered from the low density gradient on average do show bigger halos (Van Kooij et al., 2004) . Santiso et al. made the fortuitous observation, when in the SCD assay using mercurydibromofluorescein to show non-lysed nuclear proteins, that the centre of deviant halos almost always stained. In sperm with a regular halo, no fluorescence was observed. Hence, regular halos likely require a correct protein interaction/composition of the nuclear matrix. There is no proof yet for adaptation of loop domain structure during chromatin remodeling at spermatid nuclear elongation. Too few data are available to make any statement (Klaus et al., 2001) . The activity of TopoIIB at this stage (Leduc et al., 2008) for removing supercoiling from nucleosomal DNA in transit to protamine toroid chromatin (Vilfan et al., 2004) would make this action possible.
Would sperm with a more irregular association of DNA with the nuclear matrix, sometimes departing from the around 50 kb periodicity, be more vulnerable for endonuclease activity (Sotolongo et al., 2005) ? Several correlative studies on human sperm chromatin/DNA breakage parameters have been done for instance (Chohan et al., 2006) , and recently (De Iuliis et al., 2009) . This study reveals that a higher nuclear density (selected for by 80% Percoll density centrifugation) is negatively related to the sensitivity for Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), CMA3 staining, and amount of oxidative DNA damage. One would like to know whether the enrichment of nucleosomal proteins in oligoasthenoteratozoospermia (OAT) Zini et al., 2008) could be a risk factor for deviations of loop domain structure, if in elongating spermatids, concomitantly with chromatin remodeling, there is adjustment of loop domains to provide more start sites for replication in the zygote.
Disturbances in sperm loop domain organization could have pathological consequences
Inadequate adjustment of loop domain size to accommodate cleavage stage S-phase behavior is mentioned as the prime reason for the inefficiency of cloning (Lemaitre et al., 2005) . Sperm nuclei with insufficient replication start sites (theoretically either from the elongating spermatid remodeling process or from remodeling before male pronucleus formation) would lead to longer replication times that could show as delayed cleavage [as it is known in the IVF clinic (Lundin et al., 2001; Lemmen et al., 2008; Sakkas et al., 1998) ] and inadequate cell numbers at day 3 as is well known leading to lower implantation rates, for an early reference see (Van Royen et al., 1999) ]. If these sperm are indeed candidates for developing a positive TUNEL reaction, the demonstrated Ca 2þ and Mg 2þ dependent endonuclease activity could have a preference for irregular matrix attachment sites (Ward and Ward, 2004) that are presumed to be enriched in nucleosomes (Sotolongo et al., 2003 (Sotolongo et al., , 2005 Arpanahi et al., 2009; Ward, 2009) . Recent data by Avendano et al. (2009) , showing that the TUNEL score within sperm cells with normal morphology relates to normal human embryo development and negatively predicts pregnancy, supports this interpretation. In male-sterile mouse models with characteristics of OAT, it was found that the amount of 2 cell embryos was sharply reduced when more mature cauda epididymal sperm were used contrary to testicular sperm or caput epididymal sperm (Baart et al., 2004; Suganuma et al., 2005) . Baart and co-workers showed that in case of zygote arrest, both pronuclei had started DNA replication, the male one being arrested in S-and G2-phase, which is suggestive of a nucleus organization problem. Supportive for this concept is that irradiation induced DNA breakage in sperm up to a dose of 5 Gy does not cause a longer zygote cycling time (Matsuda et al., 1989) . Also in the bovine, the first cleavage division is surprisingly resistant to irradiation damage of sperm cells, apoptosis by genetic damage setting in during the cleavage divisions, leading to a low blastocyst rate (Fatehi et al., 2006) . Ongoing DNA replication problems in the early embryo are likely responsible for the decrease in large segment copy number in ICSI children (Woldringh et al., 2009 ) that we predicted to originate from paternal chromosomes. Segmental chromosomal instability was recently demonstrated by single blastomere DNA amplification and single cell chip/SNP analysis at Days 3-4 of 7-8 blastomere embryos from an IVF to PGD (preimplanation genetic diagnosis) program (Vanneste et al., 2009) . DNA double strand breaks are involved, for which S-phase delay by the occurrence of a stalled replication fork is the most likely source. Underperformance of repair of these breaks by HR invites subsequent structural chromosome abnormalities in the mouse zygote , more so in the male pronucleus. In this scenario, replication problems caused by male chromatin organization, in combination with suboptimal HR in the zygote and likely subsequent maternally driven cleavage stages, lead to a mutator phenotype with a preference for paternal chromatin .
Further clinical observations that could fit a concept of male induced epimutation, genetic instability Paternal age has been associated with an increased risk for neurological disorders such as schizophrenia, autism and neurocognitive disorder at young age (Saha et al., 2009; Singh and O'Reilly, 2009 ). Because of the high discordant monozygotic twin rate for schizophrenia, and the difficulty of pinpointing genetic polymorphisms, epigenetic mechanisms and copy number variation are now presented as promising areas of research (Singh and O'Reilly, 2009 ). Very little research has been undertaken in the area of paternal age and sperm chromatin/nucleus structure. In the rat structurally more variable sperm nuclei are found at older age (Zubkova et al., 2005) . A higher TUNEL score has been found in human sperm from age 35 on (Vagnini et al., 2007) . A paternal age effect was found for pregnancy rate, live birth rate but not day 3 embryo development in older men with OAT (Ferreira et al., 2009) and without OAT (Frattarelli et al., 2008) . The latter group used 'young' donor oocytes. Parameters of DNA repair by immunochemistry are more obvious in sections from older testes compared with younger ones (El-Domyati et al., 2009) . Taken together sperm chromatin/nuclear structure in older men needs to be studied more carefully.
Closing remark
Searching for aspects of transgenerational epigenetic effects, observed in mutagenesis studies using experimental animals, sperm nucleus organization in combination with S-phase DNA replication fidelity could be involved. Although experimental data are only sparingly available, loop domain organization in the male germline is adjusted toward sperm formation and is readjusted in embryonic development. The oocyte has evolved to accommodate sperm nucleus structure, present in well differentiated sperm with good motility and morphology. If variance in sperm nuclear structure is allowed, including lesser differentiated forms, reactions that originate from the fact that male and female chromosomes must learn to coordinately operate in a diploid nucleus are plausible. Can an element of genotoxic stress be present in this process? From the previous sections, it has become clear that new genetic and epigenetic variants (epimutations) can come from the same source: genotoxic stressors have an effect on both the genome and the epigenome (Kovalchuk and Baulch, 2008) . Pivotal to the area of assisted reproduction techniques is (i) if the male gametes used in these procedures have characteristics in common with those produced by/after acute and chronic genotoxic insult and (ii) if the female gametes have enough chromatin remodeling and DNA repair capacity to counteract these effects. So could assisted reproduction leave a memory of an insult in the germline and especially in the male one? Here lies a complicated but challenging research question.
